Cisplatin administration induces DNA damage resulting in germ cell apoptosis and subsequent testicular atrophy. Although 50 percent of male cancer patients receiving cisplatin-based chemotherapy develop long-term secondary infertility, medical treatment to prevent spermatogenic failure after chemotherapy is not available. Under normal conditions, testicular p53 promotes cell cycle arrest, which allows time for DNA repair and reshuffling during meiosis. However, its role in the setting of cisplatin-induced infertility has not been studied. Ghrelin administration ameliorates the spermatogenic failure that follows cisplatin administration in mice, but the mechanisms mediating these effects have not been well established. The aim of the current study was to characterize the mechanisms of ghrelin and p53 action in the testis after cisplatin-induced testicular damage. Here we show that cisplatin induces germ cell damage through inhibition of p53-dependent DNA repair mechanisms involving gamma-H2AX and ataxia telangiectasia mutated protein kinase. As a result, testicular weight and sperm count and motility were decreased with an associated increase in sperm DNA damage. Ghrelin administration prevented these sequelae by restoring the normal expression of gamma-H2AX, ataxia telangiectasia mutated, and p53, which in turn allows repair of DNA double stranded breaks. In conclusion, these findings indicate that ghrelin has the potential to prevent or diminish infertility caused by cisplatin and other chemotherapeutic agents by restoring p53-dependent DNA repair mechanisms.
INTRODUCTION
Cisplatin is a chemotherapeutic agent that is part of the standard of care for the treatment of cancers that are very prevalent, including bladder, testicular, lung, and head and neck cancer [1] . Male patients receiving cisplatin-based chemotherapy for the treatment of cancer sustain severe and sometimes irreversible damage to the germ cell epithelium leading to infertility [2] [3] [4] . After recovery, infertility caused by this treatment becomes a major issue that affects their quality of life. Administration of cisplatin induces DNA cross-links that result in the toxic effects on germ cells and Sertoli cells [5, 6] . Double strand breaks (DSBs) in DNA induced by cisplatin cause inhibition of DNA transcription and replication leading to apoptosis, which plays a key role in the development of cisplatin-induced infertility [7, 8] .
Expression of the p53 tumor suppressor gene is generally associated with preventing the development of cancer and tumor progression in cells damaged by noxious agents. Sensing of DNA damage enhances p53 expression, resulting in the production of proteins that block cell division to allow damaged DNA to be repaired, or in extreme cases, p53 expression activates apoptosis to remove damaged cells. Besides preventing tumor cells from proliferating, p53 plays a role in normal physiology [9, 10] . In the testis, p53 predominantly acts as a cell cycle regulator. During spermatogenesis, p53 induces cell cycle arrest to allow DNA meiotic reshuffling and to correct DNA damage [11] .
Ghrelin is a novel hormone that has growth hormone (GH)-secreting and orexigenic properties [12] [13] [14] . It is mainly produced in the stomach but is also secreted by Leydig cells [15] . Ghrelin receptors are expressed in the testis [16] [17] [18] , and ghrelin has recently been shown to prevent testicular damage in different settings [19] [20] [21] and to have antiapoptotic properties in other tissues [22] [23] [24] . However, the mechanisms mediating these testicular and nontesticular effects are not fully understood; p53 was recently suggested as a key mediator of ghrelin's effects on food intake but not on its GH secretagogue activity [9] .The aim of the current study was to characterize the mechanism of ghrelin and p53 action in the testis after cisplatin-induced testicular damage.
MATERIALS AND METHODS

Experimental Protocol
Adult C57bl/6j male mice were used for all the experiments (n ¼ 8/group). Animals were randomized to receive vehicle (saline), cisplatin, ghrelin þ cisplatin, and ghrelin. Clinical-grade cisplatin was purchased from APP Pharmaceuticals. Rodent ghrelin was synthesized by Baylor College of Medicine Department of Immunology, and its purity checked by mass spectrometry. The dose of cisplatin was 2.5 mg/kg daily given at 0830 intraperitoneally, and the dose for ghrelin was 0.8 mg/kg twice daily given intraperitoneally at 0800 and 1700. The morning dose of ghrelin was given 30 min before cisplatin. Animals were treated for 3 days and killed on the fourth day, 24 h after the last ghrelin injection. This regimen of cisplatin was selected based on published work showing it was compatible with complete survival and not overt toxicity [7, 8] , inducing long-term failure of spermatogenesis and germ cell apoptosis in adult C57bl/6j mice. The regimen for ghrelin was selected based on our previous work showing that this regimen prevents fat and muscle atrophy induced by cisplatin in rodents [25, 26] .
Animals were individually housed, acclimated to their cages and human handling for 5 days before the experiments were started, and maintained on a 12L:12D (lights on at 0600). Food and water were given ad libitum. All the experiments were conducted with the approval of the Institutional Animal Care and Use Committee at Baylor College of Medicine and were in compliance with the National Institutes of Health Guidelines for Use and Care of Laboratory Animals.
Immunofluorescence
Testes were collected and fixed overnight in CHO fixative (3% paraformaldehyde, 0.2% glutaraldehyde, and 2% sucrose in PBS at pH 7.5), dehydrated in 70% ethanol, and embedded in paraffin. Tissue was sectioned at 7 lm, mounted on charged slides, and stained for p53 using a rabbit polyclonal primary antibody for phospho-(Ser15)-p53 (Cell Signaling); for ataxia telangiectasia mutated (ATM) protein kinase using a mouse monoclonal primary antibody for phospho-ATM (pS1981) (Rockland); for c-H2AX using a rabbit polyclonal primary antibody for phospho (Ser139)-c-H2AX (Thermo Scientific), and for p21 using a rabbit polyclonal primary antibody (Santa Cruz Biotechnology). Tissue sections were deparaffinized, rehydrated, blocked with 10% normal rabbit serum, and incubated overnight with the following antibodies: phospho-p53 (1:200 final dilution in blocking buffer), with phospho-ATM (1:200 final dilution in blocking buffer), with phospho-c-H2AX (1:200 final dilution in blocking buffer), or with p21 (1:200 final dilution in blocking buffer). All of the primary antibodies were diluted in 1% PBS and 0.1% bovine serum albumin (BSA). Afterwards, the slides were washed three times with 0.1% BSA-Tween. Sections were incubated 1 h at room temperature with Alexa Fluor 488 (Abcam) conjugated to IgG. Secondary antibodies were diluted 1:10 000. Sections were washed three times in 1% PBS and 0.1% BSA prior to being incubated in 4 0 ,6-diamidino-2-phenylindole dilactate for nuclear visualization (Cell Signaling Technology). A Nikon microscope and camera (Eclipse TE2000-E) were used for image acquisition, and all the images for each antibody were taken with the same parameters (magnification, exposure, and intensity) and on the same day for all the groups. Representative images of each group are shown in the figures below.
RNA Analysis Using Real-Time PCR
Total RNA was isolated from 30-60 mg of testicular tissue using Trizol (15596-018; Invitrogen). Transcript levels were measured by real-time PCR (7000 Sequence Detection System; Applied Biosystems). Total RNA (500 ng) was reverse transcribed using the QuantiTect Reverse Transcription Kit (205311; Qiagen) to cDNA. Primers and probes for real-time PCR amplification used were selected using Primer Express Software (Applied Biosystems) (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). The probe for target genes was labeled at the 5 0 end with a reporter dye 6 0 -carboxyfluorescein and at the 3 0 end with a quencher dye 6 0 -carboxytetramethylrhodamine. The reporter and quencher dyes are in close proximity on the probe, resulting in suppression of reporter fluorescence. The probe is designed to hybridize to a specific sequence within the PCR product. The 5 0 to 3 0 exonuclease activity of the Taq DNA polymerase allows for separation of the reporter from the close proximity of the quencher dye, resulting in fluorescence of the reporter dye. The resulting signal is measured at each amplification cycle on the ABI Sequence Detection System (Applied Biosystems), thus allowing the measurement of sample abundance in the linear phase of amplification. Target genes were amplified using aliquots of the same cDNA sample, and final quantitation of each sample was achieved by a coamplified relative standard curve.
Sperm Assays
Epididymides were dissected, the caudal region minced in Modified BWW Medium (Irvine Scientific), and incubated for 30 min at 378C. For total sperm counts, sperm were immobilized by dilution with water and counted in a hemocytometer. Live sperm were spread onto a slide and classified as motile or immotile. Results were expressed as percent motile sperm.
Comet Assay
Alkaline comet assays were performed according to the manufacturer's protocol (Trevigen) with minor revisions. Specifically, 40 mM dithiothreitol was added to the lysis solution during initial incubation, without proteinase K, for 1 h. Slides were then further incubated in lysis solution containing 10 lg/ml of proteinase K for an additional 2.5 h at 378C. Following electrophoresis, slides were air dried overnight and then stained in SYBR-Green before microscopic analysis. Only sperm with clearly extended Comet tails (at least 2-fold greater than the average comet tail size) were scored as positive.
Hormone Assays
Testosterone, luteinizing hormone (LH), and follicle-stimulating hormone (FSH) were measured by radioimmunoassay as previously described. These assays had a sensitivity of 0.088 ng/ml, 0.04 ng/ml, and 6.2 ng/ml, respectively, and were performed at the University of Virginia Center for Research in Reproduction Ligand Assay and Analysis Core.
Statistical Analysis SPSS 12.00 software for Windows (SPSS Inc.) was used for all the statistical analyses. Parameters are expressed as mean 6 SEM. Statistical comparisons for continuous variables were performed using ANOVA. P values of 0.05 or smaller were considered statistically significant.
RESULTS
Ghrelin Prevents Cisplatin-Induced Testicular Damage and Sperm Alterations
Cisplatin administration induced an acute decrease in testicular weight, epididymal sperm count, and sperm motility. Although ghrelin alone had no significant effects on these parameters, the changes induced by cisplatin were partially prevented by coadministration of ghrelin and cisplatin (Fig. 1 , A-C).
Ghrelin Prevents Sperm DNA Damage Induced by Cisplatin
Given that cisplatin induces DNA damage by causing DSBs [27] , we evaluated the effect of cisplatin and ghrelin administration on epididymal sperm DNA damage using a comet assay. This technique detects DNA DSBs and is a wellstandardized and accepted method of assessing DNA damage. The comet assay was selected because of its greater sensitivity and higher reproducibility compared to other assays; moreover, it was previously used to detect cisplatin-induced sperm DNA damage in rodents [28] . As shown in Figure 1D , cisplatin administration caused a significant increase in comet-positive cells when compared to vehicle-treated animals. Ghrelin coadministration prevented this increase in the percentage of comet-positive cells.
GARCIA ET AL.
Ghrelin Restores a Normal Pattern of Testicular c-H2AX Phosphorylation
DNA DSBs induce histone c-H2AX phosphorylation that in turn activate DNA repair. The importance of this pathway to genomic stability is highlighted by the fact that c-H2AX À/À mice show genomic instability and infertility [29] , and c-H2AX is particularly important in physiologic DSB repair in germ cells [30] . To assess the activation of c-H2AX in the testis following testicular damage, we performed immunostaining with a phosphorylated c-H2AX-specific antibody of testicular samples after cisplatin 6 ghrelin administration. Phosphorylated c-H2AX-positive spermatogonia were evident in vehicle-treated mouse testis, and this staining pattern was not modified by ghrelin administration (Fig. 2, A and B) . However, after cisplatin-induced testicular damage, there was a significant decrease in testicular c-H2AX activation, an effect prevented by ghrelin coadministration. This latter group displayed a normal pattern of c-H2AX expression after cisplatinþghrelin cotreatment (Fig. 2, C and D) .
Ghrelin Restores the Normal Pattern of Testicular p53 Phosphorylation and ATM Expression
Because the DNA damage induced by cisplatin and prevented by ghrelin was associated with changes in c-H2AX activation, we postulated that the activity of its downstream mediator p53 would be downregulated by cisplatin and restored by ghrelin. Activation of p53 was assessed by immunostaining using an antibody against ser 15 -phospho-p53. As shown in Figure 3 , A-D, phospho-p53 was present in vehicle-, ghrelin-, and cisplatinþghrelin-treated animals. However, phospho-p53 was not present in cisplatintreated animals.
The downregulation of p53 and c-H2AX activation induced by cisplatin suggested an upstream loss of the ATM kinase function. ATM is a serine/threonine protein kinase that is recruited and activated by DNA DSBs and is a key regulator of DSB formation during meiosis [31] . As predicted, the expression of phospho-ATM was decreased in spermatogonia of animals treated with cisplatin, and this decreased immunostaining was again prevented by ghrelin coadministration (Fig.  4, A-D) . GARCIA ET AL.
GHRELIN PREVENTS TESTICULAR DAMAGE
Proapoptotic p53 Targets Are Not Affected by Cisplatin or Ghrelin
In other cell types, one of the functions of p53 is to induce transcription of apoptosis-related target genes. To determine if involvement of p53 in this setting causes changes in testicular expression of these genes, we measured mRNA levels of initial apoptosis signal (Fas), Fas-Ligand (Fas-l), B-cell lymphoma (Bcl)-2, Bcl-2-associated X (Bax), p53 upregulated modulator of apoptosis (Puma), and p53 effector related to PMP-22 (Perp) by quantitative RT-PCR in testicular homogenates. No significant treatment-dependent differences in expression of these genes were observed (Supplemental Fig. S1, A and B) . Immunostaining for p21, a major transcriptional target of p53 revealed no difference in expression between groups (Supplemental Fig. S2, A-D) . Taken together, these data are consistent with the hypothesis that testicular p53 activation after cisplatin/ ghrelin administration does not alter proapoptotic gene expression. Rather, the data implies that coadministration of ghrelin with cisplatin is protective of spermatogenesis by enhancing the repair of DNA DSBs induced by cisplatin.
Testosterone, FSH, LH, and Androgen Receptor Expression Levels Are Not Acutely Affected by Cisplatin or Ghrelin
High doses of cisplatin and exogenous ghrelin administration affect circulating testosterone concentration [32, 33] . Hormonal modulation affects spermatogenesis, and lowered testosterone levels induce testicular apoptosis [34] . Accordingly, testosterone and gonadotropin levels were measured. Testosterone, LH, and FSH levels between groups were not significantly altered (Supplemental Table S2 ). Androgen receptor (Ar) expression, measured by quantitative RT-PCR, was also unaffected by cisplatin treatment. Hence, the protective effects of ghrelin on spermatogenesis are apparently not mediated by altered production of LH, FSH, or testosterone.
DISCUSSION
In the United States, 17 000 15-45-yr-old men are diagnosed yearly with lymphoma, bone and soft tissue sarcomas, or leukemia [35] . Most of these patients are treated with alkylating agents, platinum drugs, and/or radiation at dosages sufficient to induce prolonged and sometimes permanent azoospermia [36] . When cancer is controlled, the resulting infertility profoundly affects these patients' quality of life. Cisplatin-based chemotherapy results in azoospermia in men treated for lung cancer [37] and osteosarcoma [38, 39] . Prolonged infertility or permanent azoospermia occurs in more than 50% of patients receiving a cumulative dose of more than 600 mg/m 2 of cisplatin [2] [3] [4] . Despite the significance of chemotherapy-induced gonadal damage, preventive treatments are lacking.
Cisplatin induction of DNA cross-links in germ cells [5, 6] leads to DSBs in DNA and subsequently to infertility [7, 8] . Recently, this dose-dependent effect has been shown to be the result of direct damage to spermatogonial stem cells and its microenvironment [40] , and our recent report confirms this as we showed a selective loss of spermatogonia with preservation of Sertoli cells in response to cisplatin administration [20] .
Besides its well-characterized role as a proapoptotic transcription factor, the tumor suppressor gene p53 plays an important function in DNA repair mechanisms during spermatogenesis by allowing sufficient time for DNA reshuffling and repair events to take place after DNA damage [11] . DNA DSBs trigger autophosphorylation of the ATM complex that in turn phosphorylates histone c-H2AX [41] . Activation of GHRELIN PREVENTS TESTICULAR DAMAGE p53 in the testis is dependent on histone c-H2AX phosphorylation, a step thought to be critical in initiating DNA repair [42] . Cisplatin causes DNA DSBs, but the role of this pathway had not been previously explored in cisplatin-induced testicular damage. The administration of cisplatin not only caused DNA damage in sperm, it inhibited ATM-, c-H2AX-, and p53-phosphorylation, suggesting that alterations in this pathway at least partially mediate the toxic effects of cisplatin on the testis.
Ghsr-1a mRNA expression is augmented following FSH injection, and expression of the Ghsr-1a gene in rat testis occurs in a developmental, stage-specific, hormonally regulated manner [43] , suggesting that testicular function may be modulated by ghrelin. Recent reports suggest that ghrelin prevents testicular damage induced by heat, cadmium, or ionizing radiation, and a reduction of oxidative stress has been postulated as a possible mechanism, although the specific pathway remains to be fully elucidated [19, 21, 44, 45] . Ghrelin prevents apoptosis in a number of tissues, including adipocytes, endothelial cells, and others [22] [23] [24] 46] , but whether these actions are mediated through p53 has not been wellestablished. Elegant studies recently suggest that p53 is a key mediator of ghrelin's orexigenic actions in the hypothalamus, where it acts as a nutrient sensor, but not of its GHsecretagogue activity that involves direct action on GHreleasing hormone neurons in the arcuate nucleus [9, 47] . On the other hand, in vitro experiments on porcine ovarian granulosa cell cultures and in neurons suggest that ghrelin decreases activation of p53 and its downstream proapoptotic mediator Bax [48, 49] . Ghrelin prevents the increase in Bax expression following heat-induced testicular damage [50] but increases Bax expression in spermatocytes during normal spermatogenesis in rats [51] . Nevertheless, the effects of ghrelin on p53 activity or level of expression were not reported. More recently Li et al. [19] reported that ghrelin antagonism increases radiation-induced damage to spermatogonia in a p53-dependent manner.
We recently reported that ghrelin prevents cisplatin-induced testicular atrophy through its only identified receptor to dateGhsr-1a-although the specific mechanism of action was not characterized [20] . These are important findings because testicular weight is highly correlated with the degree of atrophy in different clinical scenarios, and sperm count and motility are two parameters used to predict fertility in rodents and humans [7, 8, 52] , although neither parameter can reliably distinguish fertility from infertility in humans unless the male is azoospermic [53] . In this study, we show that exogenous administration of ghrelin, when given along with cisplatin, prevents DNA damage in sperm and it does so by preventing the inhibition of ATM-, c-H2AX-, and p53-phosphorylation caused by cisplatin. Moreover, our data also suggest that endogenous, physiological ghrelin production is not sufficient to prevent cisplatin-induced testicular toxicity, and that pharmacological doses of this hormone are necessary to protect against these effects.
Despite enhancing p53 activity, the proapoptotic transcriptional activity of p53 was not induced by ghrelin or cisplatin, suggesting activation of this pathway is cell type-specific. This failure of activated p53 to enhance apoptosis in the testis is perhaps not surprising because the primary role for testicular p53 is to arrest meiosis and to allow damaged DNA to be repaired, as indicated earlier [11] . Our results also suggest that ghrelin may activate different protective mechanisms according to the specific setting or insult (i.e. normal spermatogenesis vs. heat-induced or cisplatin-induced testicular damage). One potential limitation when assessing the impact of ghrelin and cisplatin on proapoptotic pathways is the relative small sample size we used (n ¼ 8/group) that could potentially fail to identify a small effect. However, given the magnitude of the differences seen between groups for all gene transcripts, it is unlikely that an increase in sample size would expose a clinically relevant effect.
Although the current model does not address the question of whether ghrelin might affect tumor growth by acting directly on the tumor or diminishing the efficacy of cisplatin, this is not likely. All tumor-bearing animal models reported to date where ghrelin or its mimetics have been used have not shown an increase in tumor growth [54, 55] , and more recently, a trial of ghrelin treatment in patients with esophageal cancer undergoing cisplatin-based chemotherapy showed ghrelin treatment did not reduce the effectiveness of chemotherapy [56] . Long-term studies using systemic ghrelin mimetics for up to 1 yr in humans have shown good tolerability with small increases in body weight and IGF-1 levels that remained well within the physiologic range [57] .
Induction of central hypogonadism is proposed to provide a mechanism for protecting the testis from damage induced by chemotherapy [36] . However, hypogonadism does not occur with cisplatin treatment [58, 59] . In our experiments, cisplatin caused damage to the testis without significantly changing the circulating levels of testosterone, LH, or FSH. Although both the endocrine and exocrine compartments of the testis are affected by cisplatin, the effect of this chemotherapeutic agent on testosterone production is dose-dependent because only high cumulative doses of chemotherapy cause a significant and persistent impairment of Leydig cell function [32] . Hence, it is not surprising that the regimen used in our animals did not suppress testosterone levels given that hormone levels were checked only after 3 doses of cisplatin (total dose 7.5 mg/kg). Ghrelin is synthesized in Leydig cells and its receptor is located in other testicular cell types [15, 60] . Chronic or central ghrelin administration suppresses LH and testosterone levels in prepubertal and adult rats [33, 61] . However, changes in testosterone, AR expression, or gonadotrophins with the current regimen of peripheral ghrelin administration (0.8 mg/ kg, twice a day) for 3 days did not occur. Different regimens of ghrelin administration, different species, or the short-term duration of our experiment may explain the differences between our results and those previously published [33, 61] .
In summary, cisplatin induces germ cell damage by inhibiting ATM-, c-H2AX-, and p53-dependent DNA repair mechanisms, and ghrelin prevents these changes induced by cisplatin and restores normal expression of these mediators, thereby decreasing sperm DNA damage by enhancing DNA repair mechanisms. Establishing the mechanisms and effects of ghrelin on fertility, germ cell apoptosis, and p53 activity in this and other settings may be important to develop methods to prevent or reverse the infertility caused by cisplatin and other agents. The potential role of ghrelin as a therapeutic intervention aiming at preventing cisplatin-induced DNA DSBs in the testis should be further explored. The findings will have relevance for protecting the future fertility in men exposed to chemotherapeutic agents, chemicals, or radiation.
